A randomly amplified polymorphic DNA (RAPD) analysis was used to identify the species-and population-specific markers of abalone; Haliotis asinina, H. ovina, and H. varia in Thai waters. Fifteen species-specific and six populationspecific RAPD markers were identified. In addition, an 1650 bp band (UBC195) that was restricted to H. ovina from the Gulf of Thailand (east) was also found. All of the specific RAPD markers were cloned and sequenced. Twenty pairs of primers were designed and specificitytested (N = 12 and 4 for target and non-target species, respectively). Seven primer pairs (CUHA1, 2, 4, 11, 12, 13, and 14) were specifically amplified by H. asinina DNA, whereas a single pair of primers showed specificity with H. ovina (CUHO3) and H. varia (CUHV1), respectively. Four primer pairs, including CUHA2, CUHA12, CUHO3, and CUHV1, were further examined against 216 individuals of abalone (N = 111, 73, and 32, respectively) . Results indicated the species-specific nature of all of them, except CUHO3, with the sensitivity of detection of 100 pg and 20 pg of the target DNA template for CUHA2 and CUHA12 and CUHV1, respectively. The species-origin of the frozen, ethanol-preserved, dried, and boiled H. asinina specimens could also be successfully identified by CUHA2.
Introduction
Abalones are economically important archeogastropods that are currently cultured worldwide. There are over 15 species of abalone, which are being farmed and are commercially important (Jarayabhand and Paphavasit, 1996) . The total world production of abalone was approximately 13,000 metric tons in 1999, 7,165 tons of which (55%) were produced on farms. The major producers of abalone are China and Taiwan. They annually contribute approximately 75% of the cultured production (Gordon, 2000) .
Three species of tropical abalone (Haliotis asinina, H. ovina, and H. varia) are found in Thai waters (Jarayabhand and Paphavasit, 1996) . Both H. asinina and H. ovina are distributed along the east coast of the upper Gulf of Thailand, and all three species occur in the Andaman Sea (Tookvinas et al., 1986; Nateewatana and Bussarawit, 1988 ). Among these abalone, H. asinina, provides the highest percentage (85%) between the meat weight and total weight when compared to H. ovina (40%) and H. varia (30%), respectively (Singhagraiwan and Doi, 1993) . Accordingly, H. asinina is presently being initially commercially cultured in Thailand.
Appropriate genetic markers can be used to elevate the cultural and management efficiency of abalone in Thailand (Jarayabhand et al., 2002) . The sustainable success of aquacultural activity of commercially important species requires a basic knowledge on stock structure as well as the use of suitable molecular genetic markers to establish broodstock management programs of exploited species (Avise, 1994; Calvalho and Hauser, 1994) . In addition, species-specific markers play important roles in preventing the supply of incorrect abalone larvae for the industry as well as quality control of abalone from Thailand. These markers are also necessary for the development of monospecific farming of H. asinina in Thailand.
Species-specific sequences of lysin were reported in the pink (H. corrugata) and red (H. rufescens) abalone (Vacquier et al., 1990) . Partial sequences of 18S rDNA were also used to differentiate the closely related abalone, H. discus discus and H. discus hannai. The amplified 18S rDNA was directly sequenced and multiple-aligned with that of H. madaka, H. gigantea, and a land gastropod (Limicolaria kambeul). The inferred 18S rDNA phylogeny indicated that H. discus discus and H. discus hannai are closely related but distinguishable at the subspecies level (Naganuma et al., 1998) . In addition, a tandemly-repeated satellite DNA (290-291 bp in length) was identified by Sal I digestion of genomic DNA of five Eastern Pacific (California) abalone species, including the red (H. rufescens), white (H. sorenseni), flat (H. walallensis), pinto (H. kamtschatkana), and pink (H. corrugata) abalone. Sequences of satellite DNA were determined by direct sequencing and revealed species-specificity in these abalone (Muchmore et al., 1998) . For identification of the species origins of abalone tissue from South Africa, species-specific PCR was developed to distinguish H. midae from H. spadicea using a portion of lysin cDNA sequences (Lee and Vacquier, 1995) . PCR specifically amplified a 1,300 bp fragment of the genomic DNA from dried, cooked, and fresh H. midae tissue. A smaller fragment of the 146 bp product was successfully amplified and used for the identification of canned H. midae. Additionally, PCR-RFLP revealed interspecific polymorphism that differentiated these species unambiguously (Sweijd et al., 1998) .
Recently, species-diagnostic markers of H. asinina, H. ovina, and H. varia were developed using PCR-RFLP of 16S rDNA (Jarayabhand et al., 2002) . Restriction of the amplified 16S rDNA with Alu I could differentiate these abalone unambiguously (patterns A and E in H. asinina, N = 115; B in H. ovina, N = 71 and C, D, F, and G in H. varia, N = 23 (Klinbunga et al., 2003) .
Interspecific hybridization and gene introgression between H. rubra and H. laevigata was reported, based on an allozyme analysis (Brown, 1995) . Theoretically, hybridization between the male H. asinina and/or H. varia with females of different species could have eliminated the accuracy of the species identification, based on matriarchally inherited markers like 16S rDNA. As a result, H. asinina-and H. varia-specific nuclear DNA markers need to be developed.
Randomly amplified polymorphic DNA-polymerase chain reaction (RAPD-PCR) is a relatively simple method for the identification of genetic markers at different taxonomic levels, without the need for knowledge of sequences of the genome under investigation (Welsh and McClelland, 1990; Williams et al., 1990; Hadrys et al., 1992) . The objective of this study was to develop reproducible species-specific markers of H. asinina in Thailand. Candidate species-and population-specific RAPD markers were cloned and sequenced. The primers were designed. Specificity, sensitivity, and stability of the selected markers were examined. The sequence-characterized amplified region (SCAR) markers that offered an accurate discrimination of H. asinina from H. ovina and H. varia were developed. 
Materials and Methods

Sampling
DNA Extraction
The total DNA was extracted from a piece of the foot muscle of each abalone using the phenol-chloroformproteinase K method (Klinbunga et al., 1996) . The concentration of the extracted DNA was spectrophotometrically estimated. The DNA was stored at 4 o C until needed.
RAPD-PCR
One hundred and thirteen primers that were purchased from Operon Technologies Inc. (Alameda, USA) and the University of British Columbia (Canada) were screened for amplification success against 2-3 representatives of each abalone species (Fritsch et al., 1993) . Five primers (OPB11, UBC101, UBC195, UBC197, and UBC271) were tested against different populations of H. asinina (N = 5 per location), H. ovina (N = 7-8 per location), and H. varia (N = 15 and 3 for HVPHUW and HVPHAW).
RAPD-PCR was carried out in a 25 µl reaction volume containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.001% gelatin, 2-3 mM of MgCl 2 , 100 µM of each dNTP, 0.2 µM of a primer, 1 unit of AmpliTaq DNA Polymerase (Perkin-Elmer, Cetus, USA), and 25 ng of a DNA template. The amplification was performed in an Omnigene thermal cycler (Hybaid, Middlesex, UK) according to Klinbunga et al. (2001) . Five microlitres of the amplification reaction were electrophoresed through 1.6% agarose gels and visualized under a UV transilluminator after ethidium bromide staining (Maniatis et al., 1982) .
Cloning and sequencing of abalone RAPD markers Twentytwo RAPD fragments, showing population-, region-, or speciesspecificity for each abalone (Table 2) , were gel-eluted using a Prep-A-Gene DNA purification kit (Bio-Rad Ltd, Hercules, USA) and reamplified with the original primer. The target band was eluted and ligated to the pGEM-T Easy vector (Promega, Madison, USA). One-tenth of the volume of each ligation reaction was electrotransformed to E. coli XL1-BLUE (Dower et al., 1988) . Recombinant clones were selected by the lacZ system following standard protocols (Maniatis et al., 1982) . DNA sequences of 2-6 clones of each insert were examined from both directions using an automated DNA sequencer (Li-Cor, Lincoln, USA).
Species-specific PCR, sensitivity, and stability tests Twenty pairs of primers were designed using OLIGO 4.0. They were preliminarily tested for specificity against genomic DNA of the target (N = 12) and non-target species (N = 4) using PCR conditions that are described by Klinbunga et al. (2000) , except that the annealing temperature was increased to 65°C. Four pairs of primers (CUHA2, CUHA12, CUHO3, and CUHV1) were further examined against larger specimens (N = 216, Table 1 ). The amplification product was electrophoretically analyzed through 1.6% agarose gels.
Sensitivity of the detection was examined against varying concentrations of the target DNA template (10 pg to 25 ng), using the same conditions as were used for the specificity test. The stability of CUHA2 and CUHA12 was tested against the poor genomic DNA template that was extracted from 10 individuals of the ethanol-preserved larvae (approximately 1 mm in size stored at 4 o C for 6 mo) and frozen (3 yr at −30 o C), dried (80 o C for 72 h and kept at room temperature for 2 wk), and boiled (10 min) H. asinina broodstock using the Chelex-based method (Walsh et al., 1994) .
Results and Discussion
RAPD-PCR has widely been used for population genetic studies as well as the identification of molecular markers for various applications in several organisms (Heipel et al., 1998; Tassanakajon et al., 1998; Klinbunga et al., 2001 ). An Among the 113 RAPD primers that were screened, 27 primers (OPA1, 2, 10, 15, 10, and 20, OPB11, 16, and 17, UBC101, 119, 160, 168, 174, 193, 195, 197, 200, 210, 220, 264, 267, 271, 272, 456, 457 , and 459) yielded successful amplification results in three abalone. Five primers (OPB11, GTAGACCCGT; UBC101, GCGCCTGGAG; UBC195, GATCTCAGCG; UBC197, TCCCCGTTCC and UBC271, GCCATCAAGA) were selected for the identification of candidate species-specific (or population-specific) markers of each abalone.
In total, the 10, 2, and 3 fixed RAPD markers were found in H. asinina, H. ovina, and H. varia (Table 2 and Fig. 2) . Three candidate population-specific RAPD markers were observed in H. asinina that originated from Talibong Island (HATRAW) and the Philippines (HAPHIE), respectively. In addition, an 1,650 bp RAPD marker that was generated from UBC195 was specifically found in H. ovina, originating from the Gulf of Thailand (east), but not in the Andaman Sea sample (west).
RAPD-PCR is sensitive to reaction conditions, including 
Abbreviations: +, successful amplification with the expected product; -, no amplification product; NS, non-specific fragments obtained; *, primers further tested against a large sample size (N=216); a , primers derived from HATRAW-specific RAPD markers; b , primers derived from a HAPHIE-specific RAPD marker. the requirement of a good quality DNA template for consistent results. False negatives may possibly occur. We then converted the candidate species-specific (and populationspecific) RAPD fragments to sequence-characterized amplified region (SCAR) markers (Weising et al., 1995) .
Twenty-two RAPD fragments were cloned (Table 2) . Seventy-two clones were sequenced. Thirty-nine different sequences were found. These indicated that the RAPD Fig. 3 . Sequences of CUHA2 (A), CUHA12 (B) and CUHV1 (C). The locations and sequences of H. asinina-and H. varia-specific forward primers and those complementary to reverse primers are labeled in boldface and underlined.
fragments represented co-migrating fragments that had different nucleotide sequences but similar sizes. Almost all of the RAPD markers (33/39 accounting for 85%) were unknown sequences when compared with the data in the GenBank using ). Twenty pairs of primers were designed from those unknown sequences (pCUHA1-pCUHA15, pCUHO1-pCUHO4 and pCUHV1; Table 2 ). Originally, seven primer sets were designed for the development of population-specific markers in H. asinina. Four of these (CUHA3, CUHA7, CUHA8, and CUHA10) provided non-specific amplification results; CUHA9 and CUHA15 provided positive amplification in all of the abalone species and CUHA11 yielded a H. asinina-specific rather than a HATRAW-specific nature (Table 3) . Therefore, population-specific SCAR markers were not found in H. asinina (Table 4) .
In addition, the CUHA5, CUHA6 and CUHO1 primers also showed positive amplification bands in all three abalone species. We further tested the specificity of CUHA5 (264 bp) and CUHA6 (103 bp) against gastopods (the giant African snail, Achatina fulica, and the apple snails, Pomacea canaliculata, Pila ampullacea, P. angelica, P. pesmei, and P. Fig. 4 . Agarose gel elctrophoresis illustrating species-specificity of CUHA2 (A), CUHA12 (B) and CUHV1 (C) against genomic DNA of H. asinina (panels A, B and C, lanes 1-12), H. ovina (panels A, B and C, lane 13-24), and H. varia (panels A, B and C, lanes 25-36 ). An 100 bp ladder (lanes M) was used as a DNA marker. polita), oysters (Crassostrea belcheri, C. iredalei, Saccostrea cucullata, S. forskali, and Striostrea mytiloides), mussel (Perna viridis), and crustaceans (the black tiger prawn, Penaeus monodon and the giant freshwater prawn, Macrobrachium rosenbergii) (data not shown). These primers provided no positive amplification fragments in the nonabalone species and may be used as genus-diagnostic markers of abalone in this study.
Based on the preliminary screening, seven pairs of primers (CUHA1, CUHA2, CUHA4, CUHA11, CUHA12, CUHA13, and CUHA14) revealed species-specificity in H. asinine, while the CUHO3 and CUHV1 primers exhibited the expected product in H. ovina and H. varia, respectively (Tables 3 and 4) . We did not select CUHA14 for the analysis against larger specimens of H. asinina because different sizes of the amplification products were observed (expected 473 bp in HACAMHE and HACAME and a larger 515 bp in HATRAW and HAPHIE, respectively).
Four sets of primers (CUHA2, CUHA12, CUHO3, and CUHV1, Fig. 3) were further examined against a large sample size of abalone (N = 216, Table 1 ). Species-specificity was observed from CUHA2, CUHA12, and CUHV1 (100% without false positive/negative results, Fig. 4) . Although CUHO3 yielded a strong amplification product in the target species (100%), a very faint product was also observed in some individuals of H. asinina and H. varia, which suggests that problems may arise from the non-specific amplification of this primer pair (data not shown). No heterozygotes that exhibited two different sizes (alleles) of the amplification products were observed across the overall specimens that were analyzed by these primers. This implies the retention of a dominant segregated fashion of the original RAPD markers.
A limited sample size of H. varia was included in this study (N = 29 and 3 for HVPHAW and HVPHUW, respectively). This was due to a lack of H. varia that was found in our sampling sites. Accordingly, a H. varia-specific SCAR marker (229 bp from CUHV1) should be further tested against specimens that cover a larger geographic distribution of H. varia before practical implementation of this marker for the species-identification purpose. The sensitivity of CUHA2, CUHA12, and CUHV1 was tested using different concentrations of the target DNA template (10 pg-25 ng). These primer pairs revealed a good correlation between the amount of DNA template and intensity of the PCR product. The detection sensitivity was approximately 100 pg of the target DNA template for CUHA2 and CUHA12, but there was a greater sensitivity with CUHV1 (20 pg). The sensitivity levels of the species-specific PCR that was developed in this study were sufficient for the identification of the species-origins of abalone, beginning with the early development stages.
For rapid species-identification of H. asinina, the tedious and time-consuming phenol/chloroform extraction method was simplified to a rapid 5% Chelex-based method. The positive fragment (168 bp) of CUHA2 was still consistently obtained from frozen, ethanol-preserved, dried and boiled specimens of H. asinina. All but a single dried specimen was successfully amplified by CUHA12 (Fig. 5) .
In the present study, we demonstrate the successful development of species-specific SCAR markers in H. asinina and H. varia. These markers can be used to verify speciesorigins of various forms of abalone products from Thailand and prevent supplying incorrect abalone larvae for the culture industry. In the future, a large number of the remaining clones, possessing H. asinina-specific RAPD inserts, guarantee that additional SCAR markers could be developed if diagnostic markers that are described here fail to provide species-specific results when used to examine the species-origins of new populations of H. asinina.
